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Abstract 



We have measured the WWj gauge boson coupling parameters using 
pp Iv^j -\- X {I = e, ji) events at ^/s = 1.8 TeV. The data, corresponding to 
an integrated luminosity of 89.1 pb~^, were collected using the D0 detector at 
the Fermilab Tevatron Collider. The measured cross section times branching 
ratio for pp W^i + X with p]. > 10 GeV/c and Ui^ > 0.7 is ll.Stli ± 
2.0 pb, in agreement with the Standard Model prediction. The one degree of 
freedom 95% confidence level limits on individual CP-conserving parameters 
are —0.98 < Ak < 1.01 and —0.33 < A < 0.31. Similar limits are set on the 
CP- violating coupling parameters. 

PACS numbers: 14.70.Fm, 13.40. Em, 13.40. Gp, 13.785.Qk 
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Measurement of the self- couplings of the gauge bosons provides important tests of the 
Standard Model (SM) of electroweak interactions. Recent limits on the WW^f coupling 
parameters have been obtained by UA2 [1], CDF [2], D0 [3], and CLEO [4]. The hadron 
collider measurements relied on direct observation of W^f final states, while the CLEO result 
used the observation of 6 — )• 37 decays. 

The WW^f coupling is fixed by the SU{2)l ® U{1)y symmetry of the SM. An effective 
Lagrangian [5] with four coupling parameters (/€, A, k and A) is introduced to allow for 
anomalies in the WW^f interaction vertex. In the SM, the coupling parameters have the 
values Ak, = /€ — 1 = 0, A = A = k = 0. Ak, and A are related to the magnetic dipole and 
electric quadrupole moments of the W boson. The non-Abelian nature of the SM manifests 
itself explicitly in the values of the coupling parameters; the minimal U{1)em coupling of 
the photon to the electric charge of the W boson would have the non-SM values of An = — I 
and A = 0. The k, and A terms are CP-invariant while the k and A terms violate CP. The 
pairs of CP-conserving and CP-violating couplings are considered independently, because 
they do not interfere with each other. 

Eor non-SM couplings, the effective Lagrangian violates partial wave unitarity at high 
energies [5,6], so it is necessary to introduce form factors for each of the coupling parameters 
with a cut-off scale A. In this analysis, we assume dipole form factors of the type Ak,[s) = 
Ak I {1 -\- s I h.'^Y where \/I is the invariant mass and A is the scale. We used A = 1.5 TeV 
in this analysis. Anomalies in the WW^ interaction cause an increase in the total cross 
section for pp — )• -\- X and result in photons with higher transverse momentum (pr) 
than those for the SM WW^f interaction. 

The analyses described here use pp — )• £p^f + X [£ = e, //) events observed with the 
D0 detector during the I992-I993 and I993-I995 runs of the Eermilab Tevatron Collider, 
corresponding to a total integrated luminosity of 89.1 it 9.4 pb~^. The D0 detector and 
data collection systems are described in Ref. [7]. Our analysis of events in 13.8 pb~^ from 
the I992-I993 Tevatron run has been described in an earlier paper [3]; this letter focuses 
on the details of the I993-I995 analysis of 75.3 it 9.0 pb~^ and gives combined results from 
both analyses. 

Events from W ^ ev decays were collected with a trigger that required missing trans- 
verse energy I^j > 15 GeV and an isolated electromagnetic (EM) cluster with transverse 
energy Et > 20 GeV. The offline kinematic requirements imposed on this sample were: 
E!j^ > 25 GeV, > 25 GeV, and Mjie^^T) > 40 GeV/c^, where Mj is the transverse mass 
[2Py -^t(1 — cos (f)'^'^)Y^'^ of the electron and vector separated by (f)'^'^ in azimuth. The elec- 
tron clusters were required to pass identical selection criteria, based on their shower profile 
and tracking information, as in our earlier analysis [3]. The electrons were required to have 
\r]\ < 1.1 in the central calorimeter (CC) or 1.5 < < 2.5 in the end calorimeters (EC), 
where rj is the pseudorapidity. 

Events from the W ^ fip decay were collected with a trigger that required a muon with 
transverse momentum pj>9> GeV/c and an EM cluster with Ej > 7 GeV. The offline 
requirements imposed on this sample were: \r]^\ < I.O, > 15 GeV/c, > 15 GeV, and 
Afx(/U,-^T) > 30 GeV/c^. The quality cuts imposed on muons were similar to those used 
in the earlier analysis. Muon candidates were identified by a track traversing the muon 
proportional drift chambers and iron toroid magnet. They were required to match a charged 
track in the central drift chambers and to be isolated from nearby jets by at least 0.5 units 
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in r]-(f> space. 

Events in which a second muon was found in the muon chambers were rejected, as this 
is the signature of a Z[fifi)^f event. We also rejected events which contained an additional 
muon identified by an energy deposition in the longitudinally segmented calorimeter, up to 

< 2.7, forming a track consistent with a muon and pointing to the interaction vertex. Any 
W{fip)^f candidate event with a muon identified with calorimeter energy within (p^'^ < 0.3 
radians of the missing transverse energy was rejected. This cut was found to be (93 it 2)% 
efficient for the W{fip)^f signal, while accepting only (35 it 3)% of the Z[fifi)^f background. 

The photons for both analyses were found in the same fiducial volume as the electrons, 
but with a lower kinematic requirement: pj^ > fO GeV/c. We required the leptons and 
photons to be separated from each other by TZi^ > 0.7 units in r]-(f> space. The selection 
criteria for photons are identical to those used in the earlier analysis, with requirements made 
on the electromagnetic shower profiles of the photons and the absence of an associated track 
in the drift chambers. Approximately 30% of the photons from W^f events are expected to 
be found in the forward electromagnetic calorimeters. 

In the electron channel, we rejected photon candidates which had unreconstructed tracks 
lying between the EM cluster and the event vertex. This cut was applied to reject back- 
grounds from processes (labelled ieX) which produced missing transverse energy, a high-px 
lepton, and an electron with an unreconstructed track. These backgrounds are from tt and 
WW pair production with a subsequent W ^ ev decay, and in the electron channel, high-px 
Z — )• ee and QCD multijet production. The number of hits in the tracking chambers was 
counted in a road defined between the EM cluster and the event vertex. Photons were re- 
jected if the number of hits exceeded a threshold defined separately for each of the tracking 
chambers. The efficiency and rejection of this quality cut were found by using Z — )• ee data. 
Eor the efficiency calulation we used the emulated photon technique in which roads point- 
ing to the electron clusters were rotated in cf) by 7r/2. The hit-counting cut was (83 it I)% 
efficient for CC photons and (70 it 3)% efficient for EC photons, and rejected (89 it 2)% of 
both CC and EC electrons. In the W{jJ.v)^ analysis, the leX background was relatively 
small, so the hit-counting cut was not applied. The background from leX events in the 
W{ev)^ channel was estimated from the number of events in the I993-I995 data set which 
passed the same selection criteria as for the W^ candidate events, but with the photon 
identification changed to require a track pointing to the EM cluster. We then multiplied 
this number by the measured efficiencies of the central tracking chambers, (83.1 it 0.5)% for 
central EM clusters and (85.6 it 0.8)% for forward EM clusters. Monte Carlo samples were 
used to estimate the leX background in the W{jJ.v)^ channel. 

The background estimates and the total number of observed events for the two decay 
modes of the W boson are summarized in Table I. The dominant background to W^ events 
is from W -\- jets processes in which a jet fragments into a neutral meson such as a 7r°, which 
then decays to photons. The probability V for this to occur was estimated from a large 
data sample of multijet events. We found V ~ 11(13) X 10""* for CC (EC) photons, before 
applying the hit-counting cut. This additional cut, used in the W{ev)^ analysis, reduces 
V by the measured efficiency of that cut. As in our earlier analysis, the E'x-dependent 
fraction of true photons in the multijet sample was applied as a correction to the measured 
values of "P, and introduced an uncertainty of 25% to the W -\- jets background estimate. 
The backgrounds due to Z7 and W{tv)^ were estimated using the Z7 event generator of 
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Baur and Berger [8] and the ISAJET program [9], respectively, followed by a full detector 
simulation using the GEANT program [10]. 

The trigger and offline lepton selection efficiencies were estimated using Z ^ U and 
W ^ ip events. The trigger efficiencies were (98ib2)% for the electron channel and (7f ±3)% 
for the muon channel. The offline selection efficiencies for electrons were (77ib f )% in the CC 
and (76 it f )% in the EC, while the muon selection efficiency was (57 it 2)%. The detection 
efficiency for photons with px > 25 GeV/c was determined using electrons from Z decays. 
For photons with a lower there was a decrease in detection efficiency due to the cluster 
shape requirements. This decrease was estimated using Monte Carlo photons overlaid with 
minimum bias events from data, weighted to reflect the instantaneous luminosity profile of 
the f 993-f 995 data. In the CC (EC), averages of approximately f 0% (20%) of photons were 
also lost due to e"'"e~ pair conversions. The probability for tracks from other particles in 
the event to overlap the photon clusters was measured to be (f3.9 it 0.5)% for CC photons 
and (f6.f it 0.8)% for EC photons. Combining these inefficiencies with the px-dependent 
photon detection efficiency, we estimated that the overall photon selection efficiency, before 
the introduction of the hit-counting cut, was (45 it 4)% in the CC and (49 it 4)% in the EC 
at = fO GeV/c, and that it increased to (7f it 7)% in the CC and (57 it 5)% in the EC 
for p:^ > 25 GeV/c. 

The kinematic and geometric acceptances were calculated as a function of coupling pa- 
rameter values using the Monte Carlo program of Baur and Zeppenfeld [6], in which W^f 
production and radiative decay processes are generated to leading order; higher order QCD 
effects are approximated by a K-factor of f .335. We used the MRSD— ' parton distribution 
functions [f f] and simulated the px distribution of the W^f system by using the observed W 
Pt spectrum in the inclusive W ^ ev data. The kinematic and fiducial acceptance for SM 
W^i events in the D0 detector was (f f ± f)% for W{ei')j and (f9 ± f)% for W{fii')j. 

The cross section times branching ratio cr[pp — )• W^f-\-X) X 3[W — > ip)^ where £ = e or 
was calculated for > f GeV/c and 7^^-^ > 0.7 and found to be f 3. f 12^8 (stat)ib2.f (syst) it 
f.6 (lum) pb, where the first error is the fcr uncertainty from Poisson statistics and the 
second term is the systematic error including the uncertainty in the e//i/7 efficiencies and 
the uncertainty in the background estimates. The third error is due to the uncertainty in 
the calculation of the integrated luminosity. The observed cross section agrees with the SM 
prediction [6], cr[pp — )• W^f-\-X) X 3[W — > ip) = f2.5ib f.O pb, where the uncertainty is due 
to the choice of parton distribution functions, the scale at which the parton distribution 
functions are evaluated, and the px distribution of the W^f system. 

Study of the individual leptonic decay modes of the W boson can be considered as 
independent analyses with a common subset of systematic uncertainties. The same holds 
true for the data collected during the earlier Tevatron run. Combining the analyses from 
both runs, we observe f27 candidate events, with 84.f IJJJ it 8.7 ascribed to signal. The first 
error is the fcr uncertainty due to Poisson statistics and the second is due to the uncertainties 
in the background estimates. The number of signal events from each experiment is shown 
in Table I. The measured cross section from the combined sample of 84. f signal events is 
(j{pp ^W-f + X)x B{W ip) = ll.Slli (stat) ± f.6 (syst) ± f .2 (lum) pb. 

Eigure f shows kinematic distributions of the f27 W^f candidates from the combined 
data sets, along with the SM expectations and the background estimates. The spectrum 
showing the three-body transverse mass, Afx(i', 7; -^t) = ^t(W^, 7), is of particular interest. 
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W^f events with a large Afx(Vl^, 7) have greater sensitivity to anomalous couplings whereas 
events with a three-body transverse mass below the mass of the W boson are dominated by 
photons from radiative W decays. 

Limits on the anomalous coupling parameters are set by performing a binned maximum 
likelihood fit to the pj^ spectrum for the individual decay modes of the W boson. For each 
Pj spectrum, we calculate the probability for the sum of the background estimate and the 
Monte Carlo prediction to fiuctuate to the observed number of events. The final limits on 
the anomalous coupling parameters are from a combined likelihood of both decay channels 
from this analysis and from our 1992-1993 analysis. For the 1993-1995 electron channel 
data, we imposed the requirement Afx(Vl^, 7) > 90 GeV/c^, which was found to increase the 
sensitivity to anomalous couplings by 10% for this data set alone. We did not impose this 
cut in the muon channel due to the less precise measurement of the muon momentum. The 
uncertainties in background estimates, efficiencies, acceptances, and integrated luminosity 
are folded into the combined likelihood function with Gaussian distributions. Uncertain- 
ties common to more than one analysis, e.g. theoretical uncertainties, are folded into the 
likelihood function only once. 

The one- and two-dimensional [12] 95% confidence level (CL) contours for the CP- 
conserving parameters are shown in Fig. 2. The 95% CL limits for the individual coupling 
parameters, when all other parameters are held to their SM values, are: —0.98 < An < 1.01, 
-0.33 < A < 0.31, -0.99 < k < 1.00, and -0.32 < A < 0.32. For the CP-conserving cou- 
plings, the limits can be read from the one-dimensional 95% CL contour of Fig. 2. For 
example, the An limits correspond to the points of intersection of the inner ellipse with 
the A = axis. These results are the most stringent limits on anomalous WW^f coupling 
parameters set by direct observation of W^f events. 

Assuming that the CP- violating couplings are zero, the U{l)EM-only coupling [k, = 
0, A = 0) is excluded at the 86% CL. Making the further assumption that A = 0, this point 
is exluded at the 95% CL. Fxclusion of this point is direct evidence that the photon couples 
to more than just the electric charge of the W boson. 
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many helpful discussions. We thank the staffs at Fermilab and the collaborating institutions 
for their contributions to the success of this work, and acknowledge support from the De- 
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TABLES 



TABLE L Numbers of signal and background events. 





1992-1993 

J- i-i A- >j >j fj 




1993-1995 

-L -I- >j >j 'J 














Luminosity 


13.8 pb~^ 




75 3 Db~^ 




Backgrounds: 










W + jets 


1.7 ± 0.9 


1.3 ±0.7 


11.5 ± 2.3 


15.5 ±4.5 


Zl 


0.1 ± 0.1 


2.7 ± 0.8 


0.4 ±0.1 


5.2 ± 0.4 




0.2 ± 0.1 


0.4 ± 0.1 


0.6 ± 0.1 


1.7 ± 0.3 


ieX 






0.7 ±0.1 


0.9 ± 0.3 


Total Bkgd 


2.0 ± 0.9 


4.4 ± 1.1 


13.2 ± 2.3 


23.3 ±4.6 


^ Observed 


11 


12 


46 


58 


Total Signal 
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FIG. 1. (a) The spectrum for the 127 IF7 candidates. The TZi^ and Mx(IF, 7) distributions 
are shown in (b) and (c). The solid circles with error bars are the data. The open histogram is the 
sum of the SM Monte Carlo prediction plus the background estimate (shown as shaded histogram). 




FIG. 2. Fimits on the CP-conserving anomalous coupling parameters Ak and A. The inner 
and outer ellipses represent the one- and two-dimensional 95% CF exclusion contours respectively. 
The shaded bands represent the regions allowed by the CFFO one- dimensional 95% CF limits [4]. 
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